ABSTRACT: Nicotinate mononucleotide:5,6-dimethylbenzimidazole phosphoribosyltransferase (CobT) from Salmonella typhimurium plays a central role in the synthesis of R-ribazole, which is a key component of the lower ligand of cobalamin. Two X-ray structures of CobT are reported here at 1.9 Å resolution. First, a complex of CobT with 5,6-dimethylbenzimidazole, and second, a complex of CobT with its reaction products, nicotinate and R-ribazole-5′-phosphate. CobT was cocrystallized with 5,6-dimethylbenzimidazole (DMB) in the space group P2 1 2 1 2 with unit cell dimensions of a ) 72.1 Å, b ) 90.2 Å, and c ) 47.5 Å and one protomer per asymmetric unit. Subsequently, the crystals containing DMB were soaked in nicotinate mononucleotide whereupon the physiological reaction occurred in the crystal lattice to yield nicotinate and R-ribazole-5′-phosphate. These studies show that CobT is a dimer where each subunit consists of two domains. The large domain is dominated by a parallel six-stranded -sheet with connecting R-helices that exhibit the topology of a Rossmann fold. The small domain is made from components of the N-and C-terminal sections of the polypeptide chain and contains a three-helix bundle. The fold of CobT is unrelated to the type I and II phosphoribosylpyrophosphate dependent transferases and does not appear to be related to any other protein whose structure is known. The enzyme active site is located in a large cavity formed by the loops at the C-terminal ends of the -strands and the small domain of the neighboring subunit. DMB binds in a hydrophobic pocket created in part by the neighboring small domain. This is consistent with the broad specificity of this enzyme for aromatic substrates [Trzebiatowski, J. R., Escalante-Semerena (1997) J. Biol. Chem. 272, 17662-17667]. The binding site for DMB suggests that Glu 317 is the catalytic base required for the reaction. The remainder of the cavity binds the nicotinate and ribose-5′-phosphate moieties, which are nestled within the loops at the ends of the -strands. Interestingly, the orientation of the substrate and products are opposite from that expected for a Rossmann fold.
Cobalamin is the largest and most complex cofactor found in biological systems and has attracted considerable attention since the discovery that its deficiency is the cause of pernicious anemia (for a historical review, see 1). Cobalamin consists of a corrin ring that provides four of the ligands that coordinate a central cobalt ion (Figure 1 ). The two remaining coordination sites are usually defined as the upper and lower ligands. When the cofactor is in the active form, the upper ligand is either a 5′-deoxyadenosyl group or a methyl group, depending on its enzymatic role. The lower ligand is commonly dimethylbenzimidazole ribonucleotide, which is connected to the corrin ring by amino-2-propanol; however, there is considerable variation in the nature of the nucleotide base (2) . The entire lower ligand assembly is often referred to as the nucleotide loop.
There have been two major milestones in understanding this magnificent molecule: first, the determination of its three-dimensional structure (3) and second, dissection of its biosynthetic pathway in Pseudomonas denitrificans (4, 5) . Studies of the biosynthesis of cobalamin in a variety of organisms show that bacteria devote a significant amount of their genomic material to the synthesis of this complex molecule (6) . This serves to underlie its biological and evolutionary significance. Even with this outstanding progress, there remain many important unanswered questions concerning the structure, function, and inter-relationship of the enzymes involved in cobalamin biosynthesis. For example, comparatively little is known of the three-dimensional structures responsible for biosynthesis of cobalamin and the precursors necessary for its assembly. This paper attempts to address this issue by describing the structure of nicotinate mononucleotide:5,6-dimethylbenzimidazole phosphoribosyltrans-ferase, the enzyme responsible for activating the lower ligand base.
Much of the current information regarding the biosynthesis of this complex cofactor has been derived from experiments with the bacterial systems, P. denitrificans and Salmonella typhimurium (2, 4, 5, 7) . For convenience, the biosynthetic pathway can be broken down into the following: (i) synthesis of the corrin ring, (ii) attachment of the upper 5′-deoxyadenosine ligand to the cobalt ion, (iii) synthesis of the lower 5,6-dimethylbenzimidazole ligand, and (iv) assembly of the nucleotide loop. In S. typhimurium, there are four enzymes required to synthesize the nucleotide loop, and to assemble the lower ligand of cobalamin ( Figure 2 ): CobU, CobT, CobC, and CobS ( Figure 2 ). Of these, CobT and CobC are responsible for synthesizing the nucleoside of the lower ligand.
Initial synthesis and activation of the lower ligand ( Figure  2 ) occurs through the transfer of the phosphoribosyl group of nicotinate mononucleotide to 5,6-dimethylbenzimidazole to yield R-ribazole by the action of CobT and CobC. The cobT gene of S. typhimurium has been demonstrated to code for a polypeptide chain of molecular weight 39 000 that contains 356 amino acid residues (8, 9) . CobT catalyzes the synthesis of R-ribazole-5′-phosphate (Scheme 1), which is subsequently dephosphorylated by CobC (10) . This reaction is unusual because it requires nicotinate mononucleotide in place of phosphoribosylpyrophosphate, which is used in most phosphoribosyltransferases (11) . CobT shares no sequence similarity with any other phosphoribosyltransferase and is expected to have a different fold from any of the known structures (12, 13) . The cobC gene from S. typhimurium has been cloned, sequenced, and shown to encode a polypeptide chain of molecular weight 34 000 that functions as a phosphatase (10) . Interestingly, the amino acid sequence of CobC shows striking similarity to those of phosphoglycerate mutase and eukaryotic fructose kinase/bisphosphatase (10, (14) (15) (16) . The final step in the nucleotide loop assembly pathway, the joining of adenosylcobinamide-GDP and R-ribazole, is catalyzed by CobS (8, 9) . The cobS gene of S. typhimurium has been sequenced (9) and identified as a cobalamin synthase (17) .
The role of CobT as a phosphoribosyltransferase in the biosynthesis of R-ribazole-5′-phosphate has been firmly established (11) ; however, additional functions have been ascribed to this enzyme. In a controversial proposal by Chen et al. (18) , it has been suggested that CobT might be solely responsible for conversion of flavin mononucleotide (FMN) to DMB. There is good reason to believe that DMB is synthesized from FMN in the aerobic pathway (19) (20) (21) . Indeed, recent work has shown that the C2 carbon of DMB is derived from the ribosyl moiety of FMN (22) . The proposed pathway requires at least eight enzymatic steps. Mutations that render S. typhimurium unable to make adenosylcobalamin unless provided with DMB have been isolated and characterized genetically (23) and physically (24) . Interest- Scheme 1 ingly, all of these mutations map to the cobT gene (18, 25) . Trzebiatowski et al. proposed two models to explain the DMB auxotrophy of cobT mutants (25) . Both models require the existence of an alternative phosphoribosyltransferase, the expression of which requires a functional CobB protein (26) .
In the first model, CobT is a multifunctional enzyme. It synthesizes R-ribazole-5′-phosphate from nicotinate mononucleotide (NaMN) and DMB and also participates in the biosynthesis of DMB. If this model were correct, then cobT mutants would not be able to synthesize DMB; however, R-ribazole-5′-phosphate could still be synthesized by CobB when exogenous DMB were provided in the medium. This would account for the DMB auxotrophy of cobT mutants. The weakness of this hypothesis is that biosynthesis of DMB from FMN requires at least eight enzymatic steps and it is difficult to imagine how could this be accomplished by a single enzyme. In addition, there is no in vitro evidence supporting the involvement of CobT in DMB biosynthesis.
In the second model, CobT is involved only in the catalysis of the reaction between NaMN and DMB. In addition, the alternative phosphoribosyltransferase (presumably CobB) has a higher K M for DMB than CobT. Therefore, in cobT mutants, endogenous levels of DMB are not high enough for CobB function and need to be supplemented for the synthesis of R-ribazole-5′-phosphate by CobB. Therefore, this model would also account for the DMB auxotrophy of CobT mutants. At present, there is no definitive evidence in support of either hypothesis.
As mentioned earlier, the lower ligand is somewhat variable depending on the organism (2). This variability is further accentuated by the ability of CobT to phosphoribosylate a variety of bases including benzimidazole, 4,5-dimethyl-1,2-phenylenediamine,imidazole, histidine, adenine, and guanine (11) . The structural basis for this lack of specificity is unknown. Likewise little is known about the mechanism of this enzyme or the amino acids that define the active site. In an effort to clarify the role of CobT in the cobalamin biosynthetic pathway and to address the questions concerning enzyme specificity and mechanism, we report here the structures of nicotinate mononucleotide:5,6-dimethylbenzimidazole phosphoribosyltransferase as a complex with DMB and with the products of catalysis, R-ribazole-5′-phosphate and nicotinic acid, to 1.9 Å resolution in both cases.
METHODS
Protein Purification. CobT was overexpressed in strain JE2461. All purification procedures were carried out at 4°C
. Approximately 29 g of cells were resuspended in 410 mL of 50 mM Tris‚HCl, pH 7.5 at 4°C, containing 1 mM ethylenediamine-tetraacetic acid (EDTA) and 0.5 mM phenylmethanesulfonyl fluoride and disrupted by sonication. Cellular debris was removed by centrifugation at 44 000g for 1 h. Finely ground ultrapure ammonium sulfate (ICN Biomedicals) was added to the cell-free extract to 30% saturation and clarified by centrifugation. Finely ground ultrapure ammonium sulfate was added again to the resulting supernatant to 50% saturation and the precipitate was collected by centrifugation. The pellet was resuspended in 50 mL of 50 mM Tris‚HCl, pH 7.5 and dialyzed against the same buffer at 4°C overnight. The dialysate was clarified and loaded onto a 50 mL bed volume DEAE-Sepharose Fast Flow column (Sigma) equilibrated with 50 mM Tris‚HCl, pH 7.5. The protein was eluted with a gradient from of 50 mM Tris‚HCl, pH 7.5 to 0.5 M NaCl in the same buffer. CobT eluted between 0.1-0.2 M NaCl. Thereafter, dye ligand chromatography was used to further purify the protein. . The fractions were analyzed by SDS-PAGE and stained with Coomassie Blue. The fractions containing CobT were concentrated in a Centriprep-30 and dialyzed against 20 mM Tris‚HCl, pH 7.5, containing 100 mM NaCl. Typically, 140 mg of protein was obtained from ∼29 g of cells.
Crystallization and X-ray Data Collection. The crystals of CobT employed for the structural investigation were grown with the hanging-drop vapor-diffusion technique. Equal volumes of protein at 6 mg/mL protein in its final storage buffer and a precipitant containing 1.3 M NH 4 H 2 -PO 4 /(NH 4 ) 2 HPO 4 , 1 mM DMB, and 4% poly(ethylene glycol) 400 at pH 6.0 were mixed and suspended over the precipitant solution at 4°C. Crystals grew spontaneously and achieved sizes of 0.6 mm × 0.6 mm × 0.1 mm in 2 weeks. Precession photography revealed that the crystals belong to the space group P2 1 2 1 2 with unit cell dimensions of a ) 72.1 Å, b ) 90.2 Å, and c ) 47.5 Å. The crystal lattice contains one subunit per asymmetric unit with a solvent content of 42%. For X-ray data collection and preparation of heavy atom derivatives, the crystals were transferred to a synthetic mother liquor of 1.0 M NaH 2 PO 4 /K 2 HPO 4 at pH 6.0. Crystals of CobT grown in the presence of DMB (Aldrich Chemical Co.) were soaked in 1.0 M NaH 2 PO 4 /K 2 HPO 4 at pH 6.0, containing 21 mM NaMN for 1 week. Unexpectedly, NaMN reacted with the DMB bound to the enzyme to give R-ribazole-5′-phosphate and nicotinate, thus yielding the structure of the enzyme-products complex.
X-ray data were collected to 1.9 Å resolution at 0.5°C with a Siemens HiStar area detector at a crystal to detector distance of 12 cm. Diffraction maxima were observed to a resolution of 1.8 Å. Cu KR radiation was generated by a Rigaku RU200 X-ray generator operated at 50 kV and 90 mA and equipped with a set of 10 cm double focusing mirrors (Charles Supper Co). Diffraction data frames, of width 0.15°, were recorded for 60 or 90 s. The frames were processed with XDS (27, 28) and internally scaled with XSCALIBRE (29) . The diffraction data statistics for the native, heavy atom derivative data, and NaMN soak are given in Table 1 .
Structural Determination. The three-dimensional structure of the CobT-DMB complex was determined by multiple isomorphous replacement. Two heavy atom derivatives were prepared by soaking native crystals in solutions of 0.4 mM K 2 PtCl 4 and 2.0 mM KAu(CN) 2 . The heavy atom binding sites were located by visual inspection of difference Patterson maps and placed on a common origin with appropriate difference Fourier maps. The correct hand of the heavy atom constellation was chosen based on the sign of the anomalous signal in the heavy atom derivatives. The occupancies and positions of all heavy atom sites were refined with the program SOLVE (30, 31) and the electron density map was improved with the program DM (32). The statistics for the heavy atom refinement are given in Table 1 . The initial model was built with the program FRODO (33) on an Evans and Sutherland PS390 and subsequently with TURBO (34). The model was refined by the method of least squares with the program TNT (35, 36) . During the early stages of the model building, the heavy atom phases were combined with model phases, utilizing SIGMAA weighting (37) . During the later stages of refinement, solvent molecules were added in locations where the electron density and geometry were consistent with a water molecule with the program PEKPIK in the CCP4 package (38) . DMB and a phosphate ion were built into unequivocal electron density. The final R-factor for the CobT-DMB complex is 17.2% for all measured X-ray data from 30 to 1.9 Å with root-mean-square deviations from ideal geometry of 0.009 Å for bond lengths, 1.9°f or bond angles, and 0.002 Å for groups of atoms expected to be coplanar. R free was not used in the structure determination of the CobT-DMB complex. Analysis of the backbone dihedral angles with PROCHECK revealed that for the CobT-DMB complex 92% of the residues conformed to the most favorable regions where the other 3% residues conformed to other additionally allowed regions and three residues, Asp 263 , Arg 314 , and Glu 317 , lie in the "generously allowed regions" (39) . These three residues, which all have well-defined electron density, are associated with the substrate binding pocket. Refinement statistics are given in Table  2 . A representative portion of the electron density map is shown in Figure 3a .
CobT crystals grown in the presence of DMB were soaked in 21 mM NaMN and the data were collected as before (Table 1) . Refinement of the products complex started from the final model of CobT-DMB from which all water molecules, DMB, and phosphate ion were omitted. This starting model was refined against a working data set that contained a random 90% of the data. The resultant 2F o -F c and F o -F c electron density maps revealed the location of R-ribazole-5′-phosphate and nicotinic acid. These molecules were included in the model and refined with the e RCullis ) ∑[|Fh -Fn| -|Fhc|]/∑|Fh -Fn| × 100 where the summation is carried out over the centric data only. Fh and Fn are the observed heavy atom derivative and native structure factors and Fhc is the calculated structure for the heavy atoms alone.
f The phasing power is defined as the mean value of the heavy atom structure factor divided by the lack-of-closure error. program TNT to give an initial R factor of 20.4%. Further manual adjustment of the model and least squares refinement together with the addition of water molecules lowered the R factor to 16.0% with an R free of 24.9%. The final model was obtained by refinement against the complete data set to yield a R factor of 16.3%. The rms difference in the positions of the R-carbons in CobT-DMB and the CobT-products complex is 0.12 Å. Analysis of the backbone dihedral angles with PROCHECK revealed that for the CobT-products complex 92% of the residues conformed to the most favorable regions where the other 7% residues conformed to additionally allowed regions (39) . Three residues lie in the "generously allowed regions" as observed in the CobT-DMB complex. The distribution of dihedral angles is essentially identical to that found in the CobT-DMB complex. The refinement statistics are given in Table 2 . The X-ray coordinates have been deposited in the Protein Data Bank with file names 1D0S and 1D0V for the complex of CobT with 5,6-dimethybenzimidazole and the reaction products, respectively. are disordered and have been built as alanine residues in the current model. Most of these residues are located at the protein surface. The electron density of residue 158 suggested that this residue is a tyrosine rather than a cysteine as was indicated in the original gene sequence (Figure 3b ). Since the genetic code specifying a cysteine and tyrosine differ only in one base (UGU or UGC for a cysteine and UAU or UAC for a tyrosine) the sequence was redetermined. This confirmed that this residue is indeed a tyrosine. CobT contains eight cysteine residues. Two of these, Cys 160 and Cys 256 , form a disulfide bond that links two adjacent R-helices.
RESULTS AND DISCUSSION
Tertiary structure of CobT. The structure of one protomer of CobT is composed of a six-stranded parallel -sheet and a total of 17 R-helices (Figures 4 and 5) . It can be divided 
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Biochemistry, Vol. 38, No. 49, 1999 16129 approximately into two domains. The large domain extends from Gly 59 through Ala 331 and is built from six strands of parallel -sheet and surrounding R-helices. The small domain contains residues from both the N-terminal and C-terminal sections of the polypeptide chain. The first eleven residues at the N-terminus of the protein lie against the large domain, then the polypeptide chain proceeds into two antiparallel helices and a connecting loop that form the bulk of the small domain. Part of a helix that joins the large and small domain together with a section of random coil are contributed by the C-terminal section of the protein that completes the small domain. The major tertiary feature of the small domain is a three helical bundle. Within the large domain, the order of the strands in the sheet is 6, 5, 4, 1, 2, and 3, which is the arrangement observed in the Rossmann fold found in many dinucleotide binding proteins. At first sight, this topological feature is consistent with the function of CobT to bind nicotinate mononucleotide; however, as discussed later, the orientation and position of the R-ribazole-5′-phosphate is different from that expected based on a dinucleotide binding motif. The exact structural motif found in CobT does not appear to be related to any other fold in the protein data bank as determined with the program DALI (40) .
As shown in Figure 5 , the quaternary structure of CobT is a dimer where the two subunits are related by crystallographic 2-fold symmetry. The overall size of the dimer is approximately 40 × 55 × 80 Å where the molecule is elliptical when viewed along the crystallographic 2-fold axis, but bilobal when viewed perpendicular to this axis. The total buried surface area of the dimer is about 2300 Å 2 /subunit as determined with the program GRASP (41) and represents about 19% of the surface area of the monomer. This is typical for dimeric proteins of this molecular weight (42) and is indicative of an extensive interface between the two subunits. A substantial section of the interface is provided by the small domain and the final helix in the large subunit. This interface is important for the biological function of this enzyme, since the DMB binding site is formed from components of both subunits.
The electron density for DMB in the structure of the CobT-DMB complex is unambiguous (Figure 6a) . The substrate is found in a prominent hole in the molecule toward the periphery of the dimer located adjacent to the dimer interface (Figures 5 and 6b) and involves the C-terminal domain of the second subunit. The imidazole component of the polyaromatic ring points in toward the C-terminal end of -strand 4, whereas the two methyl groups are directed toward the subunit interface. The binding site of DMB is part of a prominent cavity that is occupied by a phosphate ion and several water molecules. This cavity becomes the binding site for R-ribazole-5′-phosphate and nicotinic acid in the products complex where the site of the phosphate ion becomes occupied by the phosphate moiety of R-ribazole-5′-phosphate. The active site cavity is nestled between the loops at the C-terminal ends of -strands 4 and 5 and is enclosed by extension of loops at the ends of -strands 1 and 6 and is flanked on one side by a helix between Ile 83 and Met 92 . In addition, the C-terminal domain of the neighboring subunit contributes two loops from Leu 30′ to Ser 35′ and Ser 344′ to Pro 349′ that play an important role in defining the binding site for DMB.
The DMB binding pocket is highly hydrophobic, which is consistent with the nature of this substrate. As shown in Figure 6b, 346 , and Leu 348 from the neighboring subunit of the dimer make a major contribution to the hydrophobicity of the binding pocket. There are no contacts less than 3.5 Å between the dimethylbenzene moiety and any of the atoms that form the binding pocket; indeed, most of the atoms are located more than 3.8 Å from the substrate. The size and nature of the binding pocket is consistent with the ability of CobT to phosphoribosylate alternative bases such as imidazole, benzimidazole, or 4,5-dimethyl-1,2-phenylenediamine (11), although it is less easy to account for the utilization of adenine and histidine. There is a prominent interaction between the imidazole part of the substrate and the binding pocket. A hydrogen bond is observed between an imidazole nitrogen and Glu 317 , which as noted earlier adopts an unfavorable set of conformational angles. Although this residue is clearly important in coordinating the substrate it may also fulfill a role as a catalytic base as discussed later. In addition to DMB, the substrate binding pocket contains a well-defined phosphate ion that is coordinated by residues in the loop between the second half of the loop that connects -strand 4 to its succeeding R-helix between Glu 174 and Gly 176 . This binding site is occupied by the phosphate of the products complex and is described below.
Products Complex. The overall structure of the products complex is essentially identical to that of the CobT-DMB complex except for small differences in the number of water molecules and small changes in the disordered side chains. As might be expected, the DMB and phosphate moiety of R-ribazole-5′-phosphate are bound to the same site as DMB and phosphate of the CobT-DMB complex. The ribose ring interacts with the initial half of the loop that connects -strand 4 to its succeeding R-helix between Glu 174 and Gly 176 , whereas the phosphate moiety interacts with the remainder of the loop and the first turn of the R-helix ( Figure  7a ). Additional coordination of the phosphate is provided by the amide hydrogen of Ala 203 and a well-defined water network. These water molecules all have low B-values and are key components in the coordination of the phosphate ion.
Interestingly, the side chain of Lys 213 is pointed directly toward the phosphate moiety and is coordinated via a water molecule to one of the terminal oxygens of the phosphate. It would appear likely that Lys 213 contributes indirectly to the neutralization of the charge on the phosphate moiety of R-ribazole-5′-phosphate.
The nicotinate resides in a substantial cavity formed by the loops at the C-terminal ends of -strands 5 and 6 and by the extensions of the helices that follow -strands 4 and 6. The nicotinate is located such that the nitrogen of the pyridine ring is located 3.3 Å from C1 of the ribose ring and is oriented opposite to the covalent bond to DMB that was formed by its displacement (Figure 7a ). There are comparatively few interactions between the nicotinate and the binding pocket. The pyridine ring is located in a hydrophobic environment provided by the main chain atoms of Arg would not be consistent with an amino group; however, it is not clear why an amino group could not be accommodated at the site of the second oxygen. Consequently, there is no obvious structural reason CobT prefers nicotinate mononucleotide to nicotinamide mononucleotide as is observed (11) . Interestingly, all of the residues that are involved in binding the nicotinate and the R-ribazole-5′-phosphate are well-conserved among CobT homologues from other bacteria (Figure 7b) .
The orientation and location of NaMN and R-ribazole-5′-phosphate are opposite from what might be expected from the presence of a dinucleotide binding motif or Rossmann fold in CobT. In most enzymes that contain a Rossmann fold, the phosphates of the dinucleotide are located at the midpoint of the C-terminal ends of the parallel -sheet and the nucleotide bases are positioned toward the outer edges of the sheet. By contrast, in CobT R-ribazole-5′-phosphate is oriented such that the phosphate moiety is located at the periphery of the sheet whereas the base is found adjacent to the midpoint. This orientation places the active site close to the center of the -sheet, whereas in dehydrogenases the active site typically lies at the edge of a sheet and is associated with a second domain. Although this is unexpected, it reflects the versatility of such commonly observed structural motifs.
Mechanistic Considerations. It is known from the stereochemistry of the reactants and products that the reaction catalyzed by CobT proceeds by direct displacement since the NaMN and R-ribazole-5′-phosphate have opposite configurations at C1 of the ribose ring. The orientation of the products are consistent with this geometry as noted above. Under physiological conditions, 5,6-dimethylbenzimidazole would be neutral in solution since the pK a 's for the two nitrogens in the imidazole heterocycle are approximately 5 and 13. Conversely, the nicotinate product will most likely exist in its deprotonated state, since the pK a for the heterocyclic nitrogen is approximately 5.0 (43) . Thus, during the phosphoribosyl transfer reaction a proton must be abstracted from the DMB in order to generate a neutral R-ribazole moiety. It seems likely that Glu 317 fulfils the role of a catalytic base, since it forms a short hydrogen bond (2.6 Å) between O 2 of Glu 317 and N3 of R-ribazole-5′-phosphate. Interestingly, in the products complex, the distance between these atoms is still only 2.6 Å, which suggests that the proton remains associated with the hydrogen bond and most likely still resides on N3 of R-ribazole-5′-phosphate.
CobT prefers nicotinate mononucleotide to nicotinamide mononucleotide by a factor of ∼44 in K M where there is little change in k cat (11) . This preference is contrary to the pK a 's of the heterocyclic nitrogens of nicotinate and nicotinamide, which are 4.8 and 3.4, respectively. Thus, it would be expected that nicotinamide would be a better leaving group than nicotinate. As noted before, the binding pocket for nicotinate does not show any obvious reason it should prefer this substrate; however, it is conceivable that the specificity is controlled by the orientation of the water molecules in the active site that are well-defined in this instance.
CONCLUSIONS
The reaction catalyzed by CobT is intrinsically similar to that performed by a larger class of phosphoribosyltrans-FIGURE 7: Stereoview of (a) the difference electron density for R-ribazole-5′-phosphatephosphate and nicotinic acid in CobT-products complexes and (b) schematic representation of the interactions between CobT and the products complex. The electron density was calculated from coefficients of the form F o -F c where both of these molecules were excluded from the phase calculations and refinement. In (b) the residues in CobT from other species that are equivalent to those that interact with the products complex are shown. The sequences and accession numbers used for this alignment were; S. typhimurium, Q05603; P. denitrificans, P29935; M. leprae, CAB11373; E. coli, P36562; M. tuberculosis Q05603. The alignment was performed with the GCG program package (56) .
ferases. In most instances, the phosphophoribosyl group is transferred from R-phosphoribosylpyrophosphate (PRPP) to a nitrogenous base with an exchange of configuration at C1 of the ribose and loss of pyrophosphate. With CobT, the source of the phosphoribosyl moiety is NaMN that is itself in the -configuration. Consequently, the product of the reaction catalyzed by CobT is R-ribazole-5′-phosphate, which is the configuration found in the nucleotide loop in cobalamin. Interestingly, NaMN is itself synthesized by a PRPP dependent phosphoribosyltransferase. Consequently, it might be expected that CobT would share some similarities with a broader class of phosphoribosyltransferases where the dimethylbenzimidazole would be chemically equivalent to the pyrophosphate moiety in the transfer reaction.
In recent years, structures for a significant group of phosphoribosyltransferases (PRTase) have been determined. This list includes hypoxanthine-guanine phosphoribosyltransferase (44), orotate PRTase (12, 45, 46) , xanthine PRTase (47), quinolinic PRTase (13), glutamine PRTase amidotransferase (48) , and uracil PRTase-transcription attenuator from Bacillus subtilis (49) where the source of the phosphoribosyl moiety is always phosphoribosylpyrophosphate. These proteins fall into two distinct structural groups as represented by orotate phosphoribosyltransferase and quinolinic phosphoribosyltransferase (13), which contain two very different protein folds. The type I fold observed in orotate phosphoribosyltransferase is the most abundant motif and is dominated by a central parallel five-stranded -sheet surrounded by R-helices. This fold includes a common motif of thirteen residues that is involved in recognizing phosphoribosylpyrophosphate. Interestingly, the structure of CobT is also based on a parallel -sheet; however, the connectivity of the -strands is quite different from that of the type I phosphoribosyltransferases. The type II fold observed only in quinolinic phosphoribosyltransferase is completely different and consists of two domains; an N-terminal openfaced sandwich domain and a C-terminal seven-stranded R/ barrel. The active site is associated with the C-terminal end of the R/ barrel. The structure of CobT described here establishes that there is another distinct fold capable of catalyzing phosphoribosyl transfer.
Although the topology of the type I phosphoribosyltransferases and CobT are different, in both cases the substrates are bound by the loops at the C-terminal ends of the -strands. Even so, the mode of binding and orientation of the substrates are quite different. An extensive series of studies on the type I phosphoribosyltransferases have demonstrated that these enzymes undergo a significant conformational change during the catalytic cycle. Typically, loops that are solvent exposed in the absence of substrates fold down and create an active site only when all of the substrates are bound (50) (51) (52) . In the case of CobT, it would appear that no major changes occur when NaMN binds in the active site. Comparison of CobT with the type I phosphoribosyltransferases shows that the orientation of the nitrogenous product in the type I enzymes is unrelated to the position of NaMN and R-ribazole-5′-phosphate in CobT. This suggests that CobT represents a unique form of phosphoribosyl transferase and does not share an evolutionary ancestry with the PRPP dependent enzymes.
Finally, given the structure of CobT, it is difficult to envision how this enzyme can be solely responsible for the conversion of FMN to DMB as proposed by Chen et al. (18) . Even if CobT were able to catalyze this conversion, it is unlikely that it would occur via the pathway proposed in the literature (21) , mainly because there are eight proposed reactions in this pathway, several of which involve substantially different chemistry. It is formally possible, however, that CobT may be involved in some step in the conversion of FMN to DMB. This possibility is under investigation.
